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ABSTRACT OF THESIS

LOAD AND PRESSURE DISTRIBUTION AS A FUNCTION OF DYNAMIC
CONTACT STRESS AT THE RAILROAD CROSSTIE-BALLAST INTERFACE

Excessive crosstie wear and abrasion and ballast wear and fouling are two of the
fundamental problems contributing to inadequate railroad track performance. This
adversely affects the attainment and long-term maintenance of desired track geometric
requirements. The magnitudes and distribution of the stresses at the crosstie-ballast (CTB) interface must be known to determine the stress distribution on the ballast. However,
the stresses at the top of the ballast often vary significantly. This study examines a new
approach to predicting dynamic contact pressures at the interface of crosstie and ballast
using the ‘square wave theory.’ A data set of in-track CT-B interfacial pressures, taken
from a freight mainline in Mascot, TN limited to speeds up to 64 km/h, in 2018, was
analyzed to develop relationships in the form of equations to predict dynamic contact
pressures as a function of specific information, including train speed, weight, number of
axles, and wheel spacing. Several equations were developed to predict CT-B interfacial
pressures as a function of these variables. Additionally, the developed square wave theory
and obtained data are analyzed and compared to traditional recommended design practices.
Longitudinal stress distribution over the crossties and the stress distribution along the
crossties are presented. Based on the analyzed CT-B interfacial pressures, the ballast stress
distribution is discussed, and recommendations are made.
KEYWORDS: railroad, crosstie, ballast, square wave theory, stress distribution, trackbed
pressures
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1 INTRODUCTION
1.1

PROBLEM STATEMENT
Railroad tracks are typically designed to be cost-effective and easily maintained.

This is the practice for lines in the United States used primarily for freight trains. To
optimize design practices for achieving a high-quality track, it is essential to understand
the fundamental behaviors of the primary components of the railroad track.
Ballast is one of the fundamental components of the track structure and often
accounts for a substantial amount of expense accumulated during routine maintenance
activities and periodic renewals (Huang and Qiu 2018). The ballast gets denser, and
aggregate degradation or permeant deformations occur due to the loads transferred from
the wheel-rail contact surface through the rail, crosstie plate, and crosstie to the ballast.
Ballast particles gradually degrade, producing fine particles known as ‘fouled’ ballast. As
the ballast particles impinge on the crossties and against each other during cyclic loadings,
degradation occurs in the weaker ballast material, fine-size dust (fouling) is produced, and
the particles spread laterally underneath the crossties causing permanent deformations of
the railroad track (Lobo-Guerrero and Vallejo 2006). More specifically, a better
understanding of stress distribution through ballast will contribute to optimizing track
design practices and track and trackbed performance. However, the stresses acting at the
top of the ballast, the crosstie-ballast (CT-B) interface, must be determined to comprehend
the stress distribution through the ballast and supporting layers.
Measuring the stresses on the CT-B interface is necessary for determining the
distribution of the pressures throughout the ballast. The recommended practices of the
American Railway Engineering and Maintenance-of-Way Association (AREMA) are
1

primarily based on the Talbot (1940) methodology equations. The Talbot equations were
developed in the 1920s to 1940s for jointed rail trackbed and rail traffic loadings of that
era. These empirical equations (Talbot 1940) were based on a variety of assumptions
requiring inputs such as dynamic load factor and wheel diameter and may not be applicable
for modern-day freight train operations. (Thompson et al. 2020).
For typical CT-B design practices, AREMA (2018) recommends maximum CTB interfacial pressures of 450 kPa for wood crossties and 585 kPa for concrete crossties.
This design practice assumes that the pressures are distributed over the outer two-thirds of
the crosstie, and 40% of the wheel load is equally distributed by the crosstie directly under
the wheel. Additionally, the data used to develop this traditional design practice (Talbot
1940) was obtained for jointed rail track. The joint in the rail contributes significant impact
loading by generating dynamic wheel loadings as the rail crosses (jumps) the gap or joint
where the individual rails are joined. Much of this dynamic effect is due to differential
vertical rail and support conditions (Li et al. 2016). This traditional design methodology
(Talbot 1940) is dated relative to determining contact pressures at the CT-B interface. The
uncertainty of the stresses at the CT-B interface may be misleading for understanding
abrasion and stress distribution through the ballast. Another popular method commonly
used by some railroad consulting firms to determine vertical stresses in the railroad track
is the Ahlf (2003) methodology. Ahlf (2003) stated that the current AREMA
recommended maximum stress (170 kPa) at the bottom of the ballast is grossly in excess.
Therefore, a new approach is desired to further quantify dynamic contact pressures at the
CT-B interface. This thesis hypothesizes that the crosstie-ballast (CT-B) interfacial
pressures due to a moving train can be described using arbitrary pulses or waves. This

2

research provides data, limited to 64 km/h, for the dynamic stresses at the CT-B interface.
The necessary data set is obtained thanks to the Federal Railroad Administration research
test trains in Mascot, TN in 2018. The dataset was collected using 230 mm diameter
hydraulic pressure cells specifically designed to measure pressures in granular material
like ballast (Russell et al. 2020). This collected data set is used in this thesis to develop a
new approach to predicting the dynamic contact pressures at the CT-B interface.
The new approach reported herein, developed relationships in the form of equations
to predict contact stresses as a function of specific information, including train speed,
weight, number of axles, and wheel spacing.
Additionally, this research investigates the longitudinal pressure distribution
along the track from single wheel loads and compares it with the current recommended
practice. Multiple tests were conducted at various speeds and wheel loads to measure
pressure magnitudes and distribution. Therefore, knowing the longitudinal stress
distribution assists in developing an improved design system. Another topic investigated
by this research is the relative distribution and magnitudes of pressures along the length of
the crosstie. The Talbot (1940) procedure assumes that the load distribution along the
crosstie is uniform, with the outer two-thirds of the crosstie equally distributing the loads
(Hay 1982).
The traditional method (Talbot 1940) has limitations for determining the stresses
at the CT-B interface, and stresses calculated by using this method (Talbot 1940) are
significantly overestimated measured values. Therefore, the stresses at the bottom of the
ballast have been overestimated as well. The pressure distribution through the ballast,
based on the new method predictions at the CT-B interface, is evaluated for this research.

3

1.2

OBJECTIVES
This study investigates the dynamic contact pressures at the CT-B interface for

consideration to be included for upgrading recommended design practices (AREMA
2018). Geokon Granular Material Pressure Cells are an advanced data acquisition
technology providing a simple and reliable measurement to obtain the pressures in granular
material such as ballast. The technical specifications of Geokon Granular Material
Pressure Cells (GMPCs) and the calibration report are shown in Appendix A. The
identified objectives of this research are:
1.

To predict the dynamic pressures at the crosstie-ballast (CT-B) interface by using

a new approach developed by analyzing the data of the Federal Railroad Administration
(FRA) test train set.
2.

To extend the knowledge of the dynamic contact pressures at the CT-B interface

and to understand the stress distribution in railroad trackbeds.
3.

To develop a new approach known as, the square wave methodology to predict

dynamic contact stress at the CT-B interface for any given basic information consisting of
speed, train car weights, number of axles, and wheel spacings for an unlimited number of
trains.
4.

To propose equations to predict static and crosstie and ballast interfacial dynamic

contact pressures.
5.

To predict the affected distances due to wheel loadings at various speeds.

6.

To propose equations to determine the static and dynamic affected distances due to

the wheel loadings with respect to the analyzed measured data.
7.

To dispute the general assumption that the dynamic pressures increase with speed

limited to 64 km/h.
4

8.

To extend the knowledge of the pressure distribution along the crosstie.

9.

To extend the knowledge of the longitudinal stress distribution over crossties.

10.

To dispute the general assumption that the crosstie is analyzed as a square footing

for the ballast stress distribution.
11.

To compare the differences among the recommended practice methods, the square

wave method, and the measured data.
12.

To give recommendations based on the dissimilarities between recommended

practices and obtained data set results.
13.

To support the Ahlf recommendation report for the AREMA Manual.

14.

To recommend that finite element models consider wheel spacing and crosstie

spacing for determining vertical stresses in railroad track.

1.3

CONTENTS OF THESIS

Chapter 1: Introduction containing the problem statement and the objectives of the thesis.
Note that Chapter 2 and Chapter 3 represent two technical journal papers to be submitted
from this work. Consequently, Chapters 2 and 3 are the journal papers, verbatim.
Chapter 2: A new approach to predict dynamic contact pressures at the crosstie-ballast
(CT-B) interface with the basic information consisting of the number of trains, speeds,
train car weights, number of axles, and distances between wheels. The mentioned theory
can be applied to an unlimited number of trains. This chapter also proposes equations to
predict static contact pressures and predicts affected distances due to the wheel loadings.
The square wave theory is used to predict the dynamic contact pressures and affected
distance magnitudes. Subsequently, the predictions are plotted to project them in square
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wave shapes. Lastly, the plots are compared to the actual in-track measured data in order
to confirm the adequacy of the program.
Chapter 3: A successful method for measuring dynamic contact pressure magnitudes at the
CT-B interface is presented. Additionally, Chapter 3 compares the recommended practices
using the Talbot (1940) method, the Ahlf (2003) method, and the square wave theory
pressures to the real-time measured data obtained from FRA test trains in Mascot, TN in
2018. The longitudinal pressure distribution over the crossties and the load/pressure
distribution of the single wheel load along the crosstie positioned on an all-granular
trackbed are also discussed in this chapter. The traditional Talbot (1919) stress distribution
method is compared to the real-time measured data set, and the dissimilarities between
them are discussed. Additionally, the stress distribution on ballast and common design
assumptions are discussed, and recommendations are made based on the findings and the
conclusions of the study.
Chapter 4: The concluding chapter summarizes the combined findings and conclusions
emanating from the research.
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PREDICTING DYNAMIC CONTACT STRESSES AT CROSSTIE-BALLAST
INTERFACE BASED ON BASIC INFORMATION OF TRAINS

ABSTRACT
Railroad track is designed to be cost-effective and easily maintained.
Understanding fundamental track behaviors under dynamic load conditions is important to
optimize design practices and achieve high-quality track performance. The recommended
practices of the American Railway Engineering and Maintenance-of-Way Association
(AREMA) to analyze track stresses are primarily based on Talbot Methodology equations.
The unreliability of the pressure capsules used during the testing procedure, inconsistent
supporting conditions, the use of jointed rails, the sensitivity of monitoring wheel and rail
irregularities, improved track designs (asphalt layer), increased traffic demand, and wheel
loads may be shown as primary reasons that the Talbot Methodology may not be valid for
the current railroads in the U.S. Therefore, measuring the pressures at the crosstie-ballast
(CT-B) interface is necessary for determining the distribution of the stresses throughout
the ballast. A dataset of in-track CT-B interfacial pressures, limited to 64 km/h, taken from
a freight mainline in Mascot, TN in 2018, was analyzed to develop relationships in the
form of equations to predict contact stresses as a function of specific information, including
train speed, train weights, number of axles, wheel spacing. Several equations were
developed to predict CT-B interfacial contact pressures as a function of these variables.
KEYWORDS: Railroad, Trackbed Pressure, Dynamic Contact Stresses, Square Wave
Theory, Crosstie, Ballast.
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2 PREDICTING DYNAMIC CONTACT STRESSES AT CROSSTIE-BALLAST
INTERFACE BASED ON BASIC INFORMATION OF TRAINS
2.1

INTRODUCTION
Loads are transferred from wheel-rail contact through the crosstie and ballast with

descending values of stress magnitude. It is important to know how much loss occurred
during the load transfer from the rail-wheel interface to the CT-B interface. However, the
amount of loss is uncertain. The uncertainty of determining the dynamic pressures at the
crosstie-ballast (CT-B) interface and the stress distribution through the ballast have been
issues of concern for the railroad industry. Since the ballast is one of the fundamental
components of the railroad track, a significant amount of the track maintenance expenses
relates to maintaining an adequate layer of ballast. Chrismer and Davis (2000) estimated
approximately $500 million annually is expended for 150,000 km of Class I track [roughly
$3800/(km·year)].
The Talbot (1940) method, developed during the early 1900s, was the pioneering
method used to analyze railroad track pressures. Although this method (Talbot 1940) is
still the recommended design practice in the United States (AREMA 2018), the Talbot
(1940) methodology is outdated for the current railroad industry. Watts and Rose (2018)
state the instrumentation and measurement methodologies utilized to develop the Talbot
(1940) method are out-of-date compared to current track advancements and the
availability, and current hydraulic pressure sensors. On the other hand, Van Dyk et al.
(2014) notes that the design guidelines in North America may not be valid for current traffic
conditions, axle loads, or other conditions. These researchers state that further research on
track components performed over the last several decades raises the question that the
recommended design guidelines (AREMA 2018) might be questionable. The unreliability
8

of the pressure capsules used during the Talbot (1940) testing procedure, inconsistent
supporting conditions, the use of jointed rails, the sensitivity of monitoring wheel and rail
irregularities, improved track designs (asphalt layer), increased traffic volumes, higher
wheel loads, and other reasons represent additional primary reasons.
A new approach is desirable to measure more reliable pressure magnitudes. The
pressures should be measured with a suitable and advanced device to develop this new
approach. Russell et al. (2020) conducted comprehensive field measurements at various
wheel loadings and train speeds to investigate the dynamic contact stresses at the
crosstie-ballast (CT-B) interface in Mascot, TN. The summarized percentage of pressure
distribution of a single wheel load on an all-granular trackbed is shown in Figure 2.1
based on in-track pressure measurements.

Figure 2.1 Percentage of pressure distribution of a single wheel load on an all-granular
trackbed (after Russell et al. 2020).
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Pressure at the crosstie-ballast (CT-B) interface due to a moving train can be
approximated using square wave theory. Each wheel transfers loads to the supporting
layers of a railroad by passing through the rail, crosstie pad, crosstie, and ballast. Since
trucks (bogies) are located under the ends of a railway vehicle with four or six wheels,
square waves may be used to the pressures due to trucks.
This paper uses the data set obtained from the Russell et al. (2020) research.
However, it is important to note that the pressures were measured at various speeds limited
to 64 km/h. This paper analyzes the aforementioned data to predict CT-B interfacial
dynamic contact pressures and proposes equations for static and dynamic pressures. A
square wave theory is used to predict dynamic pressures at the CT-B interface. A
methodology review follows in order to further describe the concept.

2.2

THE SQUARE WAVE THEORY
The pressures on the components of the railroad infrastructure are functions of

several variables, such as the static loadings, train speed, and the distribution of the static
loads. The general assumption in the railroad industry is that the distributions of the loads
on wheels are equal magnitudes. However, it is more likely to rely on the location of the
centroid. For instance, if the engine of the locomotive is not located directly in the center
of the locomotive, the load distributions on each wheel will be different. Unfortunately,
little information in the literature is available about determining the wheel load
distributions for railroad vehicles. In light of this deficit, the assumption that wheel loads
are equally distributed is assumed valid in this paper.
An ideal pulse can be described with three elements, which are “rising edge”,
“amplitude”, and “falling edge”. An impulse is any signal that is completely zero except
10

for a short signal of arbitrary shape (Smith 2013). The distance between the rising edge
and the falling edge is expressed as “pulse width”. A square function, which can be called
a pulse wave as well, is a periodic waveform that is a form of rapid transition between two
points. Therefore, a square wave can be envisioned as a long impulse. Figure 2.2 illustrates
the elements of an ideal pulse.

Pulse Width
Rising Edge

Amplitude

Falling Edge

Amplitude

t1

t2

Time
Figure 2.2 The elements of an ideal pulse.
The amplitude is described as the distance displaced from its equilibrium
position. The terms t1 and t2 represent the rising and falling times, respectively.
In this paper, the square wave theory is used to predict the dynamic contact
pressures at the CT-B interface. Specifically, the amplitude represents the average dynamic
pressure due to the wheel loadings of each bogie. The assumption is that the loads are
uniformly distributed through the wheels. Subsequently, the predicted amplitudes will
illustrate the dynamic pressures produced by each truck. The width of the square waves
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can be depicted by the wheel spacings. Specifically, the pulse width represents the length
of the trucks.

2.3

THE ANALYSIS OF THE DATASET
Analyzing the root causes of the irregularities on the track is momentous since any

design problem will require maintenance. Maintenance is not always a successful solution
if the maintenance does not solve the root problems (Li et al. 2016). The root problems
result from the pressures acting on the railroad track. These problems tend to cause track
geometry deteriorations and ballast fouling (Indraratna et al. 2011). Therefore,
understanding the stresses acting on the track is essential to reduce the amount of
maintenance, and the stresses through the ballast should be examined. However, the
stresses at the top of the ballast, which is the CT-B interface, should be determined as well
in order to improve the knowledge of the stress distribution through the ballast.
Russell et al. (2020) noticed this issue and conducted tests to measure the real-time
dynamic pressures at the CT-B interface. The tests were conducted at various speeds such
as 3 km/h, 16 km/h, 32 km/h, 48 km/h and 64 km/h to determine the effect of speed on the
CT-B interfacial dynamic contact pressures. Federal Railroad Administration (FRA)
Comprehensive Inspection and Test Trains shown in Figure 2.3 were used through the
testing process. FRA test trains consisted of a 6-axle NS SD60E Diesel-Electric
Locomotive, DOTX 218 test car used mainly to measure vertical track stiffness and gage
restraint, and DOTX 220 inspection car used primarily to measure ride quality and track
geometry. The NS SD60E Diesel-Electric Locomotive had a wheel load of 147 kN, the
DOTX 220 inspection car had nominal wheel loads of 118 kN, and the DOTX 218 test car
had various wheel loads depending on the magnitude of the deployable axle load. The
12

deployable axle produced a wheel load of 98 kN, while the remaining axles of the DOTX
218 test car had wheel loads of 77 kN for the run-through tests. Earth pressure cells were
placed at the CT-B interface on an active track in Mascot, TN. The study used a procedure
to limit changes in the existing ballast conditions during placement of the earth pressure
cells. A double tamping procedure was performed to ensure the contact surfaces were
uniform. High-grade railroad rail type 136 RE continuous welded rail was secured with cut
spike fasteners to timber crossties. The crosstie spacing from center to center was 508 mm.
Each crosstie was box anchored. The ballast was clean, and no indications of mud or
fouling had been reported. The wheels of the train were smooth enough to minimize any
undesired impact loadings (Russell et al. 2020).

Figure 2.3 Drawing of FRA test trains, diesel-electric locomotive, test car and inspection
car, respectively (after Russell et al. 2020).
However, this research can be extended, and the data collected can be used to
determine dynamic contact stresses at the CT-B interface at any given speed, at any wheel
loading, and for any number of trains. The steps to analyze the data obtained from the FRA
test trains are represented in this paper.
2.3.1

Predicting the Static Contact Pressures
The static wheel loads should be known to predict static contact pressures since the

stress is the force acting on per unit area. Static loading consists of two components. The
first component is the live load, which is the weight of the train, and the second one is the
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dead load, which is the weight of the subgrade and track (Li et al. 2016). Since the live
load is the most dominant component, it will be the focus of this paper.
The stress distribution produced by the weight of the train is different with depth,
unlike the stress distribution produced by the weight of the track and subgrade. The
Boussinesq (Das et al. 2019) solution for a vertical point load applied to the surface is often
used to determine the stresses at any point inside. The Boussinesq (Das et al. 2019) solution
assumes a homogeneous, elastic, and isotropic material. The vertical stress at the CT-B
interface is determined using the Boussinesq Point Load Equation. However, the
Boussinesq Point Load Equation is not valid for railroad. The main reason why this
equation is not valid is that the Boussinesq (Das et al. 2019) method assumes homogenous
material.
There are significant losses during the transfer of pressures from wheel to rail, rail
to rail seat, rail seat to crosstie, and crosstie to ballast. Therefore, computer models such as
GEOTRACK (Transportation Technology Center INC) and KENTRACK (Liu and Rose
2013) were developed to determine the vertical pressures. These models are threedimensional, multi-layer models for determining the responses of the track and subgrade
as a function of the axle loads, rail and crosstie properties, crosstie spacing, and so on. Both
models are finite element models based on the multiple degree-of-freedom spring systems.
The American railroad industry recommends the Talbot (1940) methodology to determine
railroad track pressures. Additionally, Ahlf (2003) wrote a report including comments on
the AREMA Manual about the analysis of vertical stresses in the railroad track. The Ahlf
(2003) methodology is one of the methods commonly used by some railroad consultant
firms to determine the vertical pressures in a railroad track. Ahlf (2003) stated that the
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current AREMA recommended maximum stress (170 kPa) at the bottom of the ballast is
grossly in excess of the measured stresses. The results of this paper concur the finding of
the Ahlf (2003) study. More specifically, the current research shows the pressures at the
CT-B interface are overestimated by the Talbot (1940) method.
The Ahlf (2003) method considers the rail an elastic beam like many other
approaches (e.g., Talbot 1918; Timoshenko 1927; and Raymond 1985). Hence, the
modulus of elasticity of rail support is important. The modulus of elasticity of rail support
can be described as the pressure per unit of each rail required to depress the track one unit
(Powrie and Le Pen 2016). It quantifies the crosstie, ballast, and subgrade stiffness as a
system. There are other indexes of combinations such as crosstie spacing and dimensions,
ballast quality and so on (Ahlf 2011). Table 2.1 presents the presumptive track modulus
values for different track types:
Table 2.1 Track Modulus values for different track types (Ahlf, 2011).
Track Type

Track Modulus (MPa)

Very Poor Track

3.45

Poor Track

6.89

Averaged Wood-Tie Track

13.79

Good Wood-Tie Track

20.68

Very Stiff Wood-Tie Track

34.47

Concrete-Tie Track

48.26 – 55.16

The average of Good Wood-Tie Track and Very Stiff Wood-Tie Track, 27.6 MPa,
has been used as a track modulus to calculate static vertical pressures at the CT-B interface.
The pressure that crosstie exerts on the ballast can be found:
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(1)

where Pa is the pressure at the CT-B interface; T is the relative value multiplier; P V is the
dynamic load per wheel; S is center-to-center spacing; L and B are the length and width of
the crosstie, respectively; U is track modulus; E and I stand for the elastic modulus of rail
and moment of inertia of the rail, respectively (Ahlf 2011).
The CT-B interfacial static pressures were calculated for each wheel load. The
assumptions, input parameters, and the steps of the calculations are shown in Appendix B.
The calculations were made by using the software called Mathcad 7.0 Prime (PTC 2021).
However, it is possible to develop a more straightforward equation to estimate those
pressures based on the measured data. The CT-B interfacial pressures were measured to
extend the knowledge of the stress distribution in the railroad track, and Table 2.2 shows
the data measured at various train speeds and wheel loads. It is noted that the maximum
train speed was 64 km/h for the obtained data.
Table 2.2 Measured dynamic contact pressures at different speeds and wheel loads.
Pressures (kPa) at different speeds
Wheel Loads (kN)
3.2 km/h
16.1 km/h
32.2 km/h
48.3 km/h
64.4 km/h
76.7

51.7

51.0

47.6

48.9

39.3

97.9

62.1

60.7

62.7

58.6

54.5

118.4

126.2

124.8

126.2

122.7

111.7

146.8

188.9

184.1

178.6

174.4

162.7

Pressure magnitudes corresponding to the real-time measured data from Table 2.2
are significantly less than AREMA (2018) trackbed design recommendation magnitudes.
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The significant differences may be relevant to multiple assumptions made in the traditional
method (Talbot 1940). For instance, the Talbot method (1940) states that the dynamic
contact pressure increases once the speed increases. However, it is shown in Table 2.2 that
the dynamic pressure decreases slightly at the interface of crosstie and ballast by speeding
up to 64 km/h. The reliability of measurement devices, inconsistent supporting conditions,
track/wheel irregularities, and other subjects may also explain the significant difference.
Therefore, a new approach is desirable to estimate the contact stresses at the CT-B
interface. This section analyzes the measured pressures to develop simple equations to
predict dynamic contact stresses at the CT-B interface.
As the trends of the dynamic pressures are found subject to wheel loadings, the
intercepts of the trendlines will be the static pressures. Specifically, the pressures at 0 km/h
can be determined by projecting the trend of the measured data at each speed and wheel
load. Figure 2.4 illustrates the trend of the pressures at different wheel loads at different
speeds. The linear regression of the data is in the form of:

y  mx  b

(2)

where y is the pressure in kPa; x is the speed in km/h; m is the slope of the line; b is the
intercept.
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Figure 2.4 The trends for different wheel loads at different speeds.
The intercepts of trendlines illustrate the static pressures at the CT-B interface. The
corresponding static pressures to wheel loads are shown in Table 2.3.
Table 2.3 Corresponding static pressures at different wheel loads.
Wheel Loads (kN)

Pressures (kPa)

76.7

53.5

97.9

63.4

118.4

129.0

146.8

191.0

The purpose of this section is to propose a simple equation to predict the CT-B
interfacial static pressures with respect to given wheel loading. The data in Table 2.3 can
be normalized to develop an equation depending on the wheel loading. Corresponding to
Figure 1.1, it can be said that only 21.93% of the wheel load appears directly below the
wheel at the CT-B interface. The loads transferred to the CT-B interface are described as
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“concentrated loads” in this current paper. The concentrated loads are shown in Table 2.4
and were calculated by multiplying the wheel loads by 0.2193.
Table 2.4 Load/Pressure distribution at the crosstie-ballast interface.
Wheel Loads (kN)

Concentrated Loads (kN)

76.7

16.83

97.9

21.46

118.4

25.97

146.8

32.19

If a linear trend line were drawn to determine the behavior of the measured data,
the pressures would go to the negative magnitude at the wheel load of 0 kN. This is because
the (0.001,0) point has been added to Table 2.4 to develop a power function. Hence, the
equation to predict static contact pressures will be:

 s  0.08679  ( Ps   ) 2.219

(3)

where 𝜎 is the static pressure (kPa); Ps is the static wheel load (kN); α is the load
distribution factor determined from Figure 1.1 as 0.2193.
The vertical stress at any depth can be determined using the Ahlf (2003) equation
shown in Equation 1. Figure 2.5 illustrates the comparison of the Ahlf (2003) static
pressures to the projected static pressures.
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Figure 2.5 The comparison of the measured stresses and the Ahlf (2003) stresses and the
function of predicted static pressures.

The pressures calculated using the Ahlf (2003) method are very similar to measured
static pressures at lower wheel loads. However, once the method is applied to higher wheel
loads, the difference between the two methods becomes more distinguishable.
Additionally, the slope of the projected static pressures corresponding to the measured
dynamic pressures tends to drop faster than that of the Ahlf (2003) vertical pressures.
Concisely, the Ahlf (2003) method is more impractical in predicting a similar trend
compared to the trend of the measured pressures. Therefore, a power function (Equation 3)
was developed to predict static contact pressures at the CT-B interface at any given wheel
load since the trends of the static pressures appear in the form of power functions.
2.3.2

Predicting the Dynamic Contact Pressures
The static contact pressures can be determined using Equation 3. The dynamic

contact pressures can be predicted using the relationship between the static contact
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pressures and the speed. This section will analyze the effect of speed, and a relationship
will be found between static pressures and speed.
During the run-through tests, the dynamic contact pressures are highest at 64 km/h.
Each pressure measured at each speed should be normalized to determine the effect of
speed. The data was normalized by determining the ratios of dynamic pressures to static
pressures, and Table 2.5 shows those pressure ratios at different speeds and wheel loads.
Table 2.5 The ratio of dynamic pressures to static pressures.
Speed (km/h)
Wheel Loads (kN)
3.2
16.1
32.2
48.3
76.7
97.9
118.4
146.8

64.4

The ratio of dynamic pressure to static pressure
0.97
0.95
0.89
0.92
0.73
0.98
0.96
0.99
0.92
0.86
0.98
0.97
0.98
0.95
0.87
0.99
0.96
0.94
0.91
0.85

Table 2.5 shows that speed has a slight effect on the pressures. As the trend of this
effect has been analyzed, a relation can be developed between static pressures and dynamic
pressures in terms of speed. Different wheel loads were executed by proportioning the
dynamic pressures and static pressures. Figure 2.6 illustrates the ratio of dynamic pressures
to static pressures at different speeds.
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Figure 2.6 The normalized points at five different speeds.
The normalized points have a linear trend which is decreasing slightly. More
particularly, the speed has a minimum effect on the ratio. The linear trendline shown in
red in Figure 2.6 represents the predicted ratios. The equation for the predicted ratios can
be described as:

 d  (m1V  1)   0.08679  ( Ps   ) 2.219 

(4)

where 𝜎 is dynamic pressure; Ps is the static wheel load (kN); α is the load distribution
factor determined from Figure 1.1 as 0.2193; V is the speed of the train in km/h; m 1 is the
slope of the trendline, which is -0.0022.
If the equation is simplified, the final expression of the equation will be:

 d   s  ( 0.0022V  1)
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(5)

An error margin will appear since trendlines are used in the equations rather than
exact measured stress magnitudes. The predicted and measured pressures are compared to
show how the equations perform. Figure 2.7 illustrates the comparison between the
predicted and the measured CT-B interfacial dynamic pressures. Red points represent the
predicted pressures by using Equation 5.
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Figure 2.7 The comparison of predicted and measured dynamic pressures.

It is noted that the predictions of the dynamic contact stresses are more applicable
at greater wheel loads compared to lower wheel loads. However, the magnitude differences
between the predictions using Equation 5 and the measured pressures are neglectable
compared to other methods [e.g., Talbot (1940) and Ahlf (2003)]. Table 2.6 shows the ratio
of measured pressures to the magnitude difference between the measured and predicted
pressures.
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Table 2.6 The difference between measured and predicted dynamic pressures.
Speed (km/h)
Wheel Loads (kN) 3.2 16.1 32.2 48.3 64.4
Error difference (%)
-12.4 -13.8 -10.9 -16.7 -0.4
25.2 24.4 15.8 19.3 23.3
6.0
7.7 12.0 13.0 8.2
1.1
0.8
0.1
-1.4 1.5

76.7
97.9
118.4
146.8

Greater error margin percentages appear once two low magnitudes are proportioned
to each other since the lower wheel loadings produce lower pressures. The program
algorithm performs more efficiently at greater wheel loads, the most representative wheel
load in ordinary traffic conditions. Figure 2.8 shows the error margin in percentage at
various speeds and wheel loads.
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Figure 2.8 Error margin at various speeds of various wheel loads.
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The greatest pressure determined using the presented equations is around 191 kPa,
while the measured pressure is nearly 189 kPa. However, AREMA (2018) recommends
448 kPa as a maximum value for wood crossties. It is noticeable that AREMA design
recommendations (2018) of the CT-B interfacial pressures are significantly overestimated.
Therefore, the design recommendations might be reconsidered. The Talbot (1940) and Ahlf
(2003) methods will be compared to square wave theory magnitudes in detail later in this
current paper.
2.3.3

Square Wave Method Development
The assumption of the equal load distribution on the wheels is valid for this paper.

Since loads are assumed to be distributed equally, the square waves can be used to present
the pressures. More specifically, the pressures will be represented by “amplitudes,” and the
beginning of the wave will be described as the raising edge point. The ending of the wave
will be described as the falling edge point, which is the point pressures reach 0 kPa. It will
be repeatable for each bogie of the train set.
The maximum pressure will be experienced on the pressure cell directly below the
wheel loading. However, the pressures do not appear suddenly. The magnitude of the
pressure is compounding as the wheel approaches the pressure cell. The fundamental
problem is that the distribution of the affected area due to dynamic wheel loads is
uncertain. This section discusses the development of the square wave method to predict
dynamic contact pressures at the CT-B interface based on basic inputs such as the weight
of the train, speed, and the distance between wheels.
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The impact loadings were normally minimal for the FRA test trains since the wheels
were maintained to minimize imperfections. However, the data must have been filtered
since some produced pressure values were in excess of nominal pressure values. The time
increment was 0.0005 seconds for the collected data. Since the time increment was very
small, the pressures varied widely, inducing sharp changes along pressures. Therefore, the
data should be filtered in order to have smoother values.

Figure 2.9 Granular Material Pressure Cell layout at the test site.
The data was recorded in the time domain. However, it is often desired to perform
a Fourier transform to view the data in the frequency domain. The sampling rate can be
described as the number of samples acquired per second. Specifically, the sample rate is
the ratio of 1 to time increment. The data was processed with the Signal Processing Toolbox
of MATLAB R2021b (2021). Since the time increment was 0.0005 s for the data collected,
the sample rate was used as 2000/sec in order to represent the signal strength. The most
dominant frequencies were at 80 Hz based on the spectrogram. Therefore, new peaks were
estimated at 80 Hz. Since the more representative data points were produced, it is possible
26

to develop the affected distance functions from estimated peaks, the beginning and ending
points of pressures. Cell 89 at the interface of the Crosstie F and ballast was considered a
reference cell pressure during the analysis process. Figure 2.9 shows the GMPCs layout at
the test site.

Figure 2.10 The image of the spectrogram.
The most dominant frequency was 80 Hz based on the spectrogram. If a higher
frequency than 80 Hz was selected to develop a bandwidth filter, the low magnitude peak
pressures might have escaped notice, such as the peak pressures for DOTX 218 test car. If
a smaller frequency than 80 Hz was selected, the peak pressures might have been
undetermined. This is because a bandwidth filter was developed at 80 Hz to determine the
MATLAB estimated peaks. The script for bandwidth filtering is shown in Appendix C.
Figure 2.10 shows that the image of the spectrogram.
Figure 2.11 illustrates the predicted peak points using the MATLAB bandwidth
filtering tool. The red waves represent the predicted pressure waves, while the blue ones
are the original data.
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Figure 2.11 Predicted pressure waves of Cell 89 with peak points at 80 Hz.
The points that the pressure cells started sensing pressures were predicted to
develop a function based on speed and wheel loads by filtering the raw data. The peak
pressures were predicted for each pressure cell, and the peaks were averaged in order to
see the performance of the square wave theory. The peak pressures of the reference cell
were replaced by the average peak pressure magnitudes of six consecutive cells. Since the
distances between wheels are known and the times were found after the filtering process,
the actual speed of the trucks can be determined. Subsequently, the actual speeds were
calculated to determine the affected distances. The affected dynamic distances at each
speed of each car were determined by using this square wave theory.
This information makes it possible to develop a function for affected distance due
to wheel load and speed. However, there will be four different affected distances due to the
dynamic wheel load, and they will be expressed as a, b, c, and d, respectively. Figure 2.12
represents the a, b, c, and d distances.
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Figure 2.12 The demonstration of the a, b, c, and d distances.
The affected distances shown in Figure 2.12 were determined using the Mathcad
Prime 7.0 (2021) software. An example calculation sheet is shown in Appendix D. Figure
2.13 shows the affected distances at different speeds and is limited to three different wheel
loads.
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Figure 2.13 (a) The affected distance at different speeds for 146.8 kN; (b) The affected
distance at different speeds for 118.4 kN; and (c) The affected distance at different speeds
for 76.7 kN.
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The intercepts of the trendlines of the figures above illustrate the affected static
distances. Table 2.7 shows the static distances at various wheel loads. This theory cannot
be applied to the deployable axle since the deployable axle is a single axle, and the
calculations do not include the wheel load of 97.9 kN.
Table 2.7 Static affected distances at different speeds for different wheel loads.
Wheel Loads (kN) Concentrated Loads (kN) a (mm) b (mm) c (mm) d (mm)
76.7

16.83

1211.8

1483

1183.5

1382.3

118.4
146.8

25.97
32.19

1148.2
1350.3

1271.6
1399.4

1255.6
1456.8

1455.8
936.96

Figure 2.14 shows the trends of static affected distances based on the concentrated
wheel loads.

Static Distance (mm)

1700

y = 3.9915x + 1284.9
R² = 0.0839

y = -18.104x + 1751.2
R² = 0.9756

1500

1300
y = -9.9922x + 1486.5
R² = 0.5584

1100

y = 31.06x + 481.99
R² = 0.7309

900
a

b

c

d

700
0

10
20
30
Concentrated Wheel Loads (kN)

40

Figure 2.14 The trends of static distances based on concentrated wheel loads.
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The static distance for any wheel load can be calculated by the linear regression of
the data in the form of Equation 2, where y is the static distance (mm); x is the concentrated
wheel load (kN); m is the slope of the line; b is the intercept. Table 2.8 present the
coefficients of the linear equations to predict the static distance based on wheel loadings.
The R-squared values are low since the analysis process was limited to three different
wheel loadings. However, it is important to note that the affected distance functions are for
only visual purposes.
Table 2.8 The coefficients of the linear equations to predict the static distance due to wheel
loadings.
Static Distance (mm)
Slope
Intercept
as

-9.9922

1,486.5

bs
cs
ds

3.9915
-18.104
31.06

1,284.9
1,751.2
481.99

The data was normalized with the ratio of the dynamic affected distance to static
affected distance. Thus, the effect of the speed can be determined. Figure 2.15 shows that
the speed slightly affects the affected distances.
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Figure 2.15 (a) The effect of the speed on the distances for a and b sides; (b) The effect of
the speed on the distances for c and d sides.

The following equations based on speeds for the a, b, c, and d sides are expressed
by the linear regression of the data in the form of Equation 2, where y is the static distance
ratio; x is the speed (km/h); m is the slope of the line; b is the intercept. Table 2.9 presents
the coefficients of the linear equations to predict the static distance based on wheel
loadings.
Table 2.9 The coefficients of the linear equations to predict the static distance ratios based
on speed.
Static Distance Ratio
Slope
Intercept
ar

-0.0004

1

br
cr
dr

0.0005
-0.0002
0.0002

1
1
1

Since both the static affected distances and the ratios for each affected side can be
calculated, the dynamic affected distance can be calculated as:

Dd  Ds  R
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(6)
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where Dd is the dynamic affected distance in mm; Ds is the static affected distance in mm;
R is the ratio of the dynamic affected distance to the static affected distance.
The distances between wheels are known, and the affected distances can be
calculated using Equation 6. The theory shown in Figure 2.12 can be used to determine the
width of the square, which can be expressed as the length of the truck. Thus, the width of
the square wave for the six axles locomotive will be:

L1  D12  D23  a  b

(7.1)

L2  D45  D56  c  d

(7.2)

where L1 is the length of the first bogie (mm); L2 is the length of the second bogie (mm);
D12 is the distance between the first wheel and second wheel (mm); D 23 is the distance
between the second wheel and third wheel (mm); D45 is the distance between the fourth
wheel and fifth wheel (mm); D56 is the distance between the fifth wheel and sixth wheel
(mm).
The same theory is applied to the cars as well. The car wheel order will change
since a regular car has four axles. On the other hand, the theory shown in Figure 2.12 can
be used to determine the distance between trucks and between locomotives and cars. The
distance between trucks is expressed as:

Lt  D34  b  c

(7.3)

where Lt is the distance between trucks (mm); D34 is the distance between the third wheel
and fourth wheel (mm).
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The ordinal number of the last wheel of each truck may vary according to the
locomotive design or cars. Essentially, the theory can be explained as b and c distances are
subtracted from the distance between the last wheel of the front truck and the first wheel
of the trailing truck. The same theory can also be applied to determine the distance between
locomotives or cars. However, the coupler lengths should be added to the distance from
the center of the last wheel of the front vehicle to the back of the vehicle frame and that of
the first wheel of the trailing vehicle to the head of the vehicle frame.
Lc  ( Lb  L f  L fc  Lbc )  a  d

(7.4)

where Lc is the distance between cars or locomotives (mm); Lb is the distance from the
center of the last wheel to the end of the vehicle frame of the front vehicle (mm); L f is the
distance from the center of the first wheel to front (head) of the vehicle frame of the trailing
vehicle (mm); Lfc is the length of the front coupler of the trailing vehicle (mm); Lbc is the
length of the back coupler of the front vehicle (mm).
Amplitudes and the width of the pulses are used to develop a square wave function.
Amplitude represents the CT-B interfacial dynamic pressures, while the width of the pulse
represents the length of the bogies, the distance between bogies, and the distance between
vehicles. An algorithm can be developed to predict dynamic contact pressures at the CT-B
interface for an unlimited number of trains with basic information by using the presented
square wave theory.
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2.3.4

The Flow Chart of the Square Wave Theory Algorithm
An algorithm was developed by using the square wave theory to predict pressures.

The algorithm was written in Python 3.0, and the script of the algorithm is shown in
Appendix E. Firstly, inputs (e.g., train speed, the weight of the train, distances between
wheels, and so on) are required by the user. Subsequently, wheel loads and distances to
predict affected distances can be calculated by using the desired operating information.
Since Microsoft Excel is a common platform with a simple user interface, an Excel input
file was created. The Excel file asks the user to provide the basic information. A table that
describes the Excel Input file is shown in Appendix F. After the user gives the information
required, the algorithm will compute the Excel input and predict the dynamic contact
pressures based on the provided information. The algorithm is illustrated by the flowchart
in Figure 2.16:
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Calculating the
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Figure 2.16 The flowchart of the algorithm of the square wave theory.
An example with three locomotives and four cars is provided to depict how the
algorithm works. The total weights of each locomotive and car differ to display the pressure
variance. The operation speed was 50 km/h for this example illustration. The input weight
values are shown in Table 2.10.
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Table 2.10 Input vehicle weight values for each locomotive and car.
Car Type Car Order Vehicle Weight
(kN)
Locomotive
1
1735
Locomotive
Locomotive
Car
Car
Car
Car

2
3
4
5
6
7

1690
1646
948
979
890
800

The pressure-time graph is given as output after the algorithm is executed. Figure
2.17 shows the output plot of this example.
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Figure 2.17 The output plot of the algorithm of square wave theory.
2.4

DATA MATCHING
The output of the algorithm and in-track test pressure waves were compared to

confirm the productivity of the square wave theory. Figure 2.18 shows the comparison of
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the predicted dynamic pressures and the in-track test pressures for the diesel-electric
locomotive at 64 km/h, while Figure 2.19 illustrates the comparison of the predicted
dynamic pressures and the in-track test pressures for the inspection car at 48 km/h.
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Figure 2.18 The predicted dynamic pressures at 64 km/h for the diesel-electric
locomotive using the square wave theory.
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Figure 2.19 The predicted dynamic pressures at 48 km/h for the inspection car using the
square wave theory.
Figure 2.18 and Figure 2.19 shows the square wave theory algorithm is performing
productively to predict the average peak pressures. Since Cell 89 was used as a reference
cell and the peak pressure of the reference cell was lower than the average peak pressures,
the average peak pressures of the six cells were replaced with the peak pressures of the
reference cell. Hence the apex portion of the red waves does not look smooth. The y-axis
corresponds to pressures (kPa), and the x-axis corresponds to time (s). The red lines
illustrate the measured average pressures, and the black waves show the predicted square
waves.

2.5

CONCLUSIONS
In this study, it was concluded that the CT-B interfacial dynamic contact pressures

have been overestimated for many years. The design recommended practices based on the
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Talbot (1940) methodology are no longer valid for modern-day railroad infrastructure and
rolling stock. There are multiple reasons, such as the sensitivity and reliability of the
measurement devices used for traditional equations, inconsistent supporting conditions
during the testing process, increased axle loads, different track designs (asphalt), transition
to continuous welded rails, and others. Therefore, a new method was developed to predict
the dynamic 41ebastiaes at the CT-B interface using basic information provided by revenue
trains. An advanced measurement device for railroad ballast was used to measure the realtime dynamic pressures at the CT-B interface. The tests were conducted using FRA Test
Trains (NS SD60E Diesel-Electric Locomotive, DOTX 218 Test Car, and DOTX 220
Inspection Car) in Mascot, TN in 2018. The tests were conducted at a maximum train speed
of 64 km/h. Impact loading was minimal for test vehicles since the wheels and trackbed
were well maintained. The measured data was analyzed to propose multiple equations.
This research shows that calculated results by the Ahlf (2003) method do not increase
as rapidly as the measured data, in particular at higher wheel loads. This is because a new
equation was proposed to predict “static pressures” at the CT-B interface (see Figure 2.5).
The traditional Talbot (1940) equation assumes that dynamic contact stresses increase
with speed. However, this research does not support those assumptions. The speed
increasing has a minimum effect on measured dynamic pressures, and the pressures slightly
decrease with increasing speed. It is important to note that the train speed used during the
testing process was limited to a maximum of 64 km/h. Therefore, another equation was
proposed to predict the dynamic contact pressures at the CT-B interface. The predictions
for the dynamic contact pressures are more representative at higher wheel loads compared
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to the lower wheel loads. However, the predictions are still performing more adequately
than the traditional Talbot (1940) method.
Additionally, combined equations were proposed to determine the affected distances
due to the dynamic wheel loads. By calculating the affected distance, the square wave
theory can be used to predict pressures for each truck of the train. However, the affected
distance equations are more suitable for visual purposes. A square wave algorithm was
developed to combine these three main equations and predict dynamic pressures at the CTB interface for any given number of trains using basic information such as train speed,
weight, and wheel distances.
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THE ANALYSIS OF STRESS DISTRIBUTION IN THE RAILROAD TRACK
STRUCTURE

ABSTRACT
Excessive crosstie wear and abrasion and ballast wear and fouling are fundamental
problems contributing to inadequate railroad track performance. This adversely affects the
attainment and long-term maintenance of desired track geometric requirements. The
magnitudes and distribution of the stresses at the crosstie-ballast (CT-B) interface must be
known to determine the stress distribution on and within the ballast. However, the stresses
at the top of the ballast often vary significantly. This study provides a successful method
to measure the dynamic contact stresses at the interface of CT-B by a research test train
using granular material pressure cells. A data set of CT-B interfacial pressures, taken from
a freight mainline in Mascot, TN, in 2018, was analyzed to better understand stress
distribution through the railroad trackbed. Additionally, the obtained data were compared
to traditional recommended design practices and the developed square wave theory. A
Gaussian stress distribution equation was developed to determine longitudinal stress
distribution over the crossties for static conditions. Also, the stress distribution along the
crossties is presented. Based on the analyzed CT-B interfacial pressures, the ballast stress
distribution is discussed, and recommendations are made.
KEYWORDS: Trackbed Pressure measurement, crosstie, Gaussian stress distribution,
railroad, stress distribution, ballast
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3 THE ANALYSIS OF STRESS DISTRIBUTION IN THE RAILROAD TRACK
STRUCTURE
3.1

INTRODUCTION
Railroad trackbed design is essential to sustain loading stresses acting on the track

structure (Indraratna and Ngo 2018). The fundamental elements of a railroad track can be
described as the rail, crosstie, ballast, sub-ballast, and subgrade. Figure 3.1 shows the crosssection of railroad track elements. Wheel loading pressures are transferred through these
elements with diminishing intensities.

Figure 3.1 The fundamental elements of railroad track and support.
Pressures on the components of railroad infrastructure are primarily functions of
the static loads, train speed, layer quality and dynamic loading factors. The red curves in
Figure 3.1 represent the pressure distribution along the railroad track components. The
crosstie is exposed to the greatest pressure, and the subgrade experiences the least pressure
since pressure loss occurs at each interface. Greater wheel loadings produce higher
pressures through the ballast. Additionally, with the increased transportation demand, train
speeds and axle loads increase remarkably, and various degrees of settling or other track
problems may occur due to high pressures transferred to the railroad track (Wang et al.
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2020). Therefore, determining pressures within the railroad track is paramount for
inclusion in design practices to prevent inadequate track performance, such as crosstie wear
and abrasion and ballast wear and fouling.
The American Railway Engineering and Maintenance-of-Way Association
(AREMA) is the leading railroad industry authority and publishes recommended trackbed
design practices in the United States of America (AREMA, 2018). The recommendations
for trackbed are largely based on the Talbot (1940) methodology, which was outlined in
the seven progress reports of the American Railway Engineering Association (AREA)
between 1918 and 1940 (AREA 1980). The analysis presented in the initial progress report
(Talbot 1918) was based on data collected from various pressure capsules measuring
trackbed pressure and elastic deflection. These pressure capsules measured the elastic
deflection using a micrometer placed in the center of a hardened steel diaphragm. The
micrometer reading was converted to a pressure measurement using the material properties.
However, Watts and Rose (2018) state that these measurement devices were not
sufficiently sensitive to accurately determine the pressures in the railroad track.
The Talbot (1919) method used the relationship between flexural curves of the
crossties and the bending moment to determine stress distributions. Higher stresses occur
as bending moments increase. However, the Talbot (1919) method also determined the
stresses are functions of the crosstie supporting conditions. If the ballast supporting
conditions are not uniform along the crosstie, additional bending stresses develop where
the crosstie experiences less or decreased quality support. Although Talbot (1940) later
found a means to place the pressure capsule device at the crosstie-ballast (CT-B) interface
precisely, direct measurements were inconsistent (Watts and Rose 2018). Talbot (1919)
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assumed that the load distribution along the crosstie is uniform, with the outer two-thirds
of the crosstie distributing the loads (Hay 1982). However, this assumption may be invalid
since Talbot (1919) had inconsistent supporting conditions when measuring the stresses in
the railroad track during the study.
Additionally, jointed rails were used in the early 1900s during the in-track testing
program (Talbot 1919); as the wheels ‘jumps’ the rail joint gap, this generates significant
impact dynamic conditions. Later, beginning in the 1930s, continuous welded rails began
to replace jointed rails. It is currently used exclusively by the US railroads for high tonnage
mainlines. Over 130,000 kilometers of main track in the US had continuous welded rail by
1980 (Abbey 1985).
Wheel and rail irregularities may also contribute to inconsistency in the Talbot
(1919) measurement data. Although it was possible to distinguish the effects of rail and
wheel irregularities during the study, lower accuracy compared to current laser
measurement technology limited the utility of the rail and wheel irregularity measurements.
These irregularities significantly contribute to the impact pressures exhibited at the CT-B
interface. Today the widespread adoption of Wheel Impact Load Detectors (WILDs)
provides a means to monitor wheel-tread/rail surface irregularities for revenue trains;
defective wheels are replaced with new wheel sets.
Advanced methods have been developed since the Talbot (1919) study to measure
railroad track pressures using hydraulic pressure sensors. Hydraulic pressure sensors
(transducers) use fluid dynamics to measure pressure. Fluctuation in the hydraulic fluid
pressure is converted into electric signals expressing pressure measurements. Therefore,
more reliable and sensitive measurement data can be obtained.
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This paper presents an advanced method to measure dynamic contact pressures at
the CT-B interface. This is compared to the recommended practice (Talbot 1940) method,
the Ahlf (2003) method, and the square wave theory (Unluoglu et. 2022) using measured
data from Federal Railroad Administration (FRA) research test trains. Commonly used
assumptions in the railroad industry are discussed, and recommendations are made based
on results and analyses.

3.2

DATA ACQUISITION
High-quality railroad track designs are cost-effective and easily maintained.

Quantifying CT-B interface stress distributions may be considered helpful in optimizing
design practices for achieving a high-quality track. Hydraulic earth pressure cells (EPCs)
were used in this study and are designed to measure pressure changes in granular materials
such as railroad ballast. EPCs were composed of two stainless steel, 230 mm cylindrical
disks filled with hydraulic fluid welded together at their periphery. The pressure transducer
had a 1.5 factor of safety; having an extra factor of safety is quite helpful for this research
since wheel impacts may notably occur in high-pressure increases (Geokon 2017).
The EPCs were placed at the CT-B interface along six consecutive wood crossties
on an active track. The study used a procedure to limit changes in the existing ballast
conditions during the placement of the EPCs. Mild disturbance of the ballast during the
installation of the instrumented crossties required surfacing and tamping to achieve the
desired ballast compaction, consistent support, and track geometry in the site area (Rose et
al. 2018). Figure 3.2 represents the configuration of the EPCs in the railroad track.
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Figure 3.2 The trackbed pressure test configurations of earth pressure cells (after Russell
et al. 2018).
FRA test trains were used in this study. The lead car was a 6-axle NS SD60E
Locomotive with a wheel load of 148 kN, and the trailing car, DOTX 220, was the
inspection car with a wheel load of 119 kN. It was assumed that the load distribution was
equal on each wheel. The DOTX 218 test car had different wheel loads based on the
deployable axle load. The deployable axle on the DOTX 218 test car had a wheel load of
98 kN, the remaining wheels had a wheel load of 77 kN, respectively, accounting for the
remaining load distribution.
The train was operated from west to east along the track. Figure 3.3 illustrates the
raw pressure data on the reference pressure cell (Cell 89) when the FRA test train operated
at 64 km/h.
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Figure 3.3 The raw pressure data on the reference pressure cell with 64 km/h train speed.
Note that the wheel impact loading was minimal for the test cars and locomotive
since the wheels were regularly maintained to mitigate tread imperfections. The FRA test
trains traversed a Wheel Impact Load Detector (WILD) installation at Ebenezer, TN, at a
speed of 64 km/h just before conducting the pressure cell tests (Russell et al. 2020). WILD
is an advanced data acquisition system that measures the actual conditions of the wheel
(Stratman et al. 2007).

3.3

SITE LOCATION AND CONDITIONS
The test site was located on the Norfolk Southern (NS) mainline in Mascot, TN (Mile

Post 117.3), just East of Knoxville, TN. The alignment was a tangent section with a 0.25
percent of the ascending grade to the East (Russell et al. 2020). The annual traffic on the
line was approximately 33.6 million gross metric tons with a maximum speed of 72
km/h. Figure 3.4 shows the location of the test field.
49

Figure 3.4 Test site location.
High-grade railroad rail type 136 RE continuous welded rail was in use on the track
with cut spike fasteners to wood crossties. The crossties were spaced 508 mm from centerto-center, and each crosstie was box anchored. Track support consisted of standard NS
mainline granite ballast on a well-supported rail line (Russell et al. 2020). The ballast was
well drained and clean; no ballast fouling or mud was indicated in the test area. NS
personnel reported that the track was generally stable and required minimum maintenance.
The wood crosstie track was timbered and surfaced two years before the installation of the
instrumented crossties. Double tamping was performed upon placing the pressure cell
devices to ensure that the instrumented and approach crossties were uniformly tamped to
match existing conditions prior to instrument installation. This provided equivalent contact
support across all concurrent and adjacent crossties. Lastly, the track was raised and tamped
through the site area (Russell et al. 2020).
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3.4

SPEED EFFECT TO CROSSTIE-BALLAST INTERFACE PRESSURES
The magnitudes of the CT-B interfacial pressures were unknown and the uncertainty

of these pressures may affect the track design and performance. The stresses are functions
of the dynamic loads applied on the track during train operation. Dynamic loads generally
differ from the magnitude of static wheel loads (Li et al. 2016). A static load can be
multiplied by a dynamic load factor to approximate a dynamic load. Specifically, the
relationship between dynamic loads and static loads can be expressed with the dynamic
load factor:

Pd  Ps  

(8)

where Pd is the dynamic load (kN); Ps is the static load (kN); α is the dynamic load factor
(Hay, 1982).
Recommendations differ for dynamic load factors. Doyle (1980) provides a list of
dynamic wheel load factors and the corresponding mathematical expression with required
variables, as shown in Table 3.1. Table 3.2 provides variable definitions of the dynamic
load factors.
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WMATA
Sadeghi
AREMA C30

1 + 0.312 ∙
1+

Cant Deficiency in Curves

Curve Radius

Track Maintenance Conditions

●

●

Track Joint Dip Angle
●

●

Track Stiffness at Rail Joint
●

Locomotive Maintenance Condition
●

Track Modulus

Vehicle Center of Gravity

Unsprung Mass
●

●

Static Wheel Load
●

Wheel Diameter
●

●

●

●
𝑉
𝐷

●

●
𝐷 ∙𝑃
𝑔

15 ∙ 𝑉
𝐷 √𝑈

(1 + 0.0001 ∙ 𝑉 )
1.098 + 0.00129 ∙ 𝑉 + 2.59 ∙ (10 )
∙𝑉
For 20 < 𝑉 < 120 ∶ 0.6 + 0.005 ∙ 𝑉
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●

Clarke

1 + 14.136(𝛼 + 𝛼 ) ∙ 𝑉 ∙

●

South African
Railways

11.655 ∙ 𝑉
6.252 ∙ 𝑉
−
10
10

●

British
Railways

1+

●

German
Railways

1+𝛼+𝛽+𝛾

●

ORE/Birmann

●

1+𝛿∙𝜂∙𝑡

●

Eisenmann

𝑉
3√𝑈

●

1+

●

Indian
Railways

●

Expression
33 ∙ 𝑉
1+
100 ∙ 𝐷

●

Dynamic Load
Factor
Talbot

Train Speed

Table 3.1 Different types of dynamic load factors (Doyle 1980).

Table 3.2 The definitions of variables (Doyle 1980).
Variable Definition
V
Train speed (mph)
D
Wheel diameter (in)
U
Track modulus (psi)
0.1, 0.2, 0.3 depending on track conditions
𝛿
𝜂
1 for vehicle speeds up to 37 mph 1 +
for vehicle speeds between 37
and 125 mph
t
0, 1, 2, 3 depending on chosen upper confidence limits defining probability
of exceedance
Coefficient dependent on level of track, vehicle suspension, and vehicle
𝛼
speed, estimated to be 0.167 ∙ ( ) in most unfavorable case
Coefficient dependent on wheel load shift in curves (0 in tangent track)
𝛽
Coefficient dependent on vehicle speed, track age, possibility of hanging
𝛾
crossties, vehicle design, and locomotive maintenance conditions, estimated
to be 0.10 + 0.071( ) in most unfavorable case.
𝛼 + 𝛼 Total rail joint dip angle (radians)
Track stiffness at the joints (kN/mm)
𝐷
Unsprung weight at one wheel (kN)
𝑃
g
Acceleration due to gravity (m/s2)

The dynamic load factor is crucial in determining dynamic contact pressures at the
CT-B interface. This research uses the Talbot dynamic load factor, which is still used in
North American track analysis (Van Dyk et al. 2013). The Talbot (1940) method is
commonly used to calculate the dynamic pressures (Hay 1982) and is expressed as:
Pa 

2P
 0.4
2
 b  L
3

(9)

where Pa is the dynamic pressure in pounds per square inch measured by the crosstie to
ballast transmitter; P is the wheel load in pounds (2P accounting for total crosstie load); L
is the crosstie length in inches; b is the crosstie width in inches. The 0.4 factor represents
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that 40% of the pressures are distributed on the crosstie directly under the wheel load (Hay
1982).
The P value, according to Talbot (1940), relies on the dynamic load factor, which
is a primarily function of the speed of the train. Therefore, as the speed, the pressure at the
CT-B interface will proportionally increase. The AREMA 2018 design manual
recommends a maximum contact pressure of 448 kPa for wood crossties and a maximum
of 586 kPa for concrete crossties.
Russell et al. (2018) measured the real-time dynamic pressures at the CT-B
interface at various wheel loadings and train speeds, with each wheel loading variation
producing different trackbed pressure measurements. The averaged trackbed pressures
produced by the variable speeds of the FRA test cars are shown in Figure 3.5.
Note that as the speed increases to the maximum speed permitted on this line, the
CT-B pressure decreases slightly for a given wheel loads.
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Figure 3.5 Plot of trackbed pressures of the FRA test train experiment at various train
travel speeds.

The SD60E locomotive produced the highest test dynamic pressures among the
FRA test cars ranging from 165 kPa to 186 kPa. The inspection car (DOTX 220) produced
pressures ranging from 110 kPa to 124 kPa, with the deployable axle producing
approximately 55 kPa to 62 kPa of pressure and the remaining axles producing 41 kPa to
55 kPa of pressure per axle.
The findings of this research show that the dynamic contact pressures are highly
dependent on the magnitudes of wheel loadings and minimally dependent on speed.
Therefore, this paper challenges the traditional Talbot (1940) methodology. The highest
pressure experienced is 207 kPa, nearly half of the Talbot (1940) recommended design
values for wood crossties. Therefore, it can be concluded that the CT-B interface pressures
are overestimated by the Talbot (1940) methodology, and speed variation has a minimal
effect on the CT-B interfacial pressures.
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3.5

THE PRESSURE COMPARISON OF DIFFERENT METHODOLOGIES
In the railroad industry, there are several ways to determine the CT-B interface dynamic

contact pressures. Traditionally, the Talbot (1940) and Ahlf (2003) methodologies are the
most common. This section compares the Talbot (1940), Ahlf (2003), and square wave
methodologies (Unluoglu et al. 2022) to the experimentally measured data. Equation 1 and
Equation 9 are used to determine the Ahlf (2003) and Talbot (1940) methodology
pressures, respectively, while the square wave methodology (Unluoglu et al. 2022) uses
Equation 5. Table 3.3 shows assumptions made during calculations involving these
equations, and Figure 3.6 compares the three methodologies.
Table 3.3 Calculation assumptions for Talbot (1940) and Ahlf (2003) methodologies.
Variable Definition
Magnitude
D
b
L
T
S
U
E
I

Wheel diameter
Crosstie width
Crosstie length
Multiplier value
Center to center spacing
Track modulus
Modulus of rail
Moment of inertia of rail

838.2 mm
228.6 mm
2,590.8 mm
1
508 mm
20.7 MPa
210,000 Mpa
94.2 in4
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Figure 3.6 The comparison of Talbot (1940), Ahlf (2003), and square wave methods to
calculate pressure for various operation speeds with wheel loads as follows: (a) 147 kN;
(b) 118 kN; (c) 98 kN; (d) 77 kN.
Figure 3.6 shows the results for the Talbot (1940) method significantly
overestimated pressures as compared to the Ahlf (2003) and square wave methods. The
Talbot (1940) method determines that the contact pressure is 444 kPa at a travel speed of
64 km/h, while the experimentally measured pressure is 163 kPa at the same travel speed.
The difference between the Talbot (1940) method and the other measures become more
distinguishable at greater speeds as the Talbot (1940) method obtains a dynamic load using
the speed-dependent dynamic load factor. On the other hand, the Ahlf (2003) method is
accurate to the experimentally measured data for lower wheel loadings. As wheel load
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increases, the accuracy of the Ahlf (2003) method to the experimentally measured data
decreases. The square wave method (Unluoglu et al. 2022) predicted dynamic contact
pressures at the CT-B interface are the most similar in magnitude to the experimentally
measured pressure data. Additionally, the trend of the data for the Ahlf (2003) and Talbot
(1940) pressures increased with increasing travel speed, whereas the experimentally
measured data and predicted pressures tend to decrease.
In conclusion, the difference between the traditional Talbot (1940) method and the
experimentally measured pressures are significant. The Talbot (1940) method predicts
upwards of three times the experimentally measured pressures. Since the difference
between these methods is considerable, the traditional Talbot (1940) method to predict
trackbed dynamic pressures at the CT-B interface may be an extremely overestimating
method.
Ahlf (2003) stated that the current AREMA maximum stress recommendation at
the bottom of ballast (170 kPa) is grossly in excess. The Ahlf (2003) analysis supports the
findings of this paper as Ahlf notes that the pressures at the bottom of the ballast are a
function of the pressure at the CT-B interface. These findings indicate that the AREMA
(2018) recommendation value of 448 kPa should be reevaluated and possibly replaced with
a lower, more accurate value of CT-B interface pressure for the design.

3.6

THE LONGITUDINAL PRESSURE DISTRIBUTION OVER THE ADJACENT
CROSSTIES
Understanding stress distribution throughout the railroad track is critical for high-

performance track design. Quality track design requires less maintenance and offers
increased efficiency and value. To understand this stress distribution, it is important to
58

determine the stresses on the top of the ballast (also called the CT-B interfacial pressures
in this paper). Pressure distribution both vertically (experienced beneath the rail/wheel) and
longitudinally is vital to understanding stress distribution throughout the railroad track.
Early design methodologies, such as Talbot (1940), assumed that the wheel loads
are distributed over three crossties; 40% of the wheel loads are distributed to the crosstie
directly below the wheel, and the rest are distributed over the adjacent crossties, which vary
with crosstie spacing (Hay 1982). This paper analyzes test data conducted by Russell et al.
(2020) to confirm that these assumptions are accurate for heavier wheel loads.
Multiple tests were conducted with various wheel loads of 44 kN, 67 kN, 89 kN,
and 98 kN to quantify the longitudinal static distribution of the CT-B interfacial pressures
in Mascot, TN in 2018. The deployable axle of the FRA test train (DOTX 218) was utilized
during testing. Pressure measurements were collected simultaneously by pressure cells
placed at the CT-B interface directly beneath the crossties under the deployable axle and
adjacent crossties. This static stress distribution data is shown in Figure 3.7.
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Figure 3.7 Static longitudinal pressure distribution over crossties due to various wheel
loads.
Loading pressures are distributed over five crossties, as shown in Figure 3.7. Two
crossties are located on either side of the deployable axle (a total of four crossties, two on
each side), and one central crosstie is located (loaded) directly beneath the axle. Crosstie 3
(center) is the crosstie directly under the deployable axle, where Crosstie 2 and Crosstie 4
are the adjacent crossties, as shown in Figure 3.7. Note that the recorded pressures for the
44 kN static load, the lowest applied load, were distributed over only the three central
crossties. It was determined that, with the exception of the 44 kN load, the pressures could
extend up to 1524 mm longitudinally from the load in each direction (using 508 mm centerto-center crosstie spacing). Averages of the data indicate that the central crosstie directly
under the deployable axle experienced roughly 45% of the total pressure. In comparison,
the two directly adjacent crossties each experienced approximately 22.5% of the total
pressure, and the two outermost crossties each experienced approximately 5% of the total
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pressure. Since the data is comparable to a normal distribution, a symmetrical bell-shaped
curve, a Gaussian Distribution equation was developed to predict the pressures experienced
over the adjacent crossties based on the wheel loadings.
Unluoglu et al. (2022) developed an equation to predict static pressures at the CTB interface based on the measured data. This equation (Unluoglu et al. 2022) predicts the
pressures directly under the wheel loadings and is expressed as 21.93% of the total
load/pressure. The longitudinal and lateral pressure distribution should be considered
together to extend the knowledge of entire crosstie-ballast interfacial pressures. The
crosstie directly under the wheel is exposed to 43% of the entire load/pressure. In light of
this information, the function of the bell-shaped curve based on the wheel loading can be
expressed as:

f ( x )  0.08679   Ps   


2.219

  x  C 2 
    exp   
 

  1.325  

(10)

where x is the crosstie number; C is the center crosstie; P s is the static wheel loading; α is
the distribution factor of 21.93%; β represents the ratio of 43% to 21.93%; 1.325 is related
to the curve width. Since the static pressure is distributed over five crossties, x must be an
integer and varies between 1 and 5 and C value is 3. The equation can be simplified as:

  x  C 2 
f ( x )   s    exp   
 
  1.325  

(11)

where σs is the static pressure due to the static wheel load. Figure 3.8 shows representing
the bell-shaped curve for various wheel loadings.
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Figure 3.8 Predicted Pressure Distribution over the crossties at various wheel loads based
on the Gaussian Distribution equation.
This paper represents the measured stress distributions as a percentage and confirms
the known recommended practice (AREMA 2018) to a certain degree. The recommended
practice (AREMA 2018) reports that the pressures are distributed over three crossties. The
crosstie directly under the wheel and the next two are exposed to 40% and 30%,
respectively. According to the measured data, the crosstie directly under the wheel, the
adjacent two and the outer two crossties are exposed to 45%, 22.5% and 5%, respectively.
However, it is important to realize that crosstie spacing influences the pressure distribution
percentages over the crossties.
Having a better understanding of pressure distribution over adjacent crossties may
contribute to maintenance. For instance, ballast degradation occurs due to the loads above
the ballast. If the stresses over the ballast are known, a favorable schedule may be
implemented for replacing or maintaining the ballast. Even the ballast degradation might
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be controlled to a certain degree. By practicing the pressure distribution over the crossties,
the life cycle of the crossties and ballast may be determined more accurately.

3.7

THE LOAD/PRESSURE DISTRIBUTION ALONG THE CROSSTIE
The objective of this section is to analyze measured CT-B interfacial pressures

along the crosstie. A half-size experimental trackbed was assembled in the laboratory with
four recessed earth pressure cells (EPCs) as shown in Figure 3.9. The crosstie consisted of
a half-length crosstie with an additional length for the pressure cell positioned at the center
of the complete crosstie. The applied static loads varied from 6.7 kN to 47 kN. Multiple
tests were conducted for each combination of loading intensities. Pressure intensities were
selected to provide measured CT-B pressures under the rail in excess of the range measured
in the in-track tests.

Figure 3.9 Schematic of half-length crosstie with four embedded EPCs with resilient
support and simulated rail loading used in laboratory testing (after Russell et al. 2020).
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The typical stress distribution intensities along the crosstie and the normalized
percentage pressure distribution based on the ratio of the distance from the crosstie center
to wheel diameter are shown in Figure 3.10.
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Figure 3.10 (a) Percentage of load/pressure carried by a half-length crosstie from
laboratory testing; (b) The normalized percentage pressure distribution based on the ratio
of the distance from the crosstie center to the wheel diameter.
The maximum pressure occurs directly under the rail. This pressure intensity accounts for
approximately half of the total transferred load (Russell et al. 2020). Less than 3% of the
total load exists at the center portion of the crosstie. The outer section of the crosstie and
the point mid-way between the rail and center portion of the crosstie experience 20 to 25%
of the total transferred load.
The typical stress distribution intensities along the crosstie were normalized based on the
ratio of the distance from the crosstie center to the wheel diameter. The wheel diameter
was assumed to be 838 mm. Table 3.4 shows the normalized values:
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Table 3.4 The normalized magnitudes.
y
x
0.072

0

0.504

0.443

1

0.886

0.497

1.546

where x is the ratio of the distance from the crosstie center to 838 mm of a wheel diameter;
y is the ratio of the percent of the pressure distributions at that location to the maximum
percentage of the pressure distribution (directly under the wheel).

3.8

COMPARISON OF THE LOAD/PRESSURE DISTRIBUTION ON THE
CROSSTIE TO THE TRADITIONAL METHOD
This section discusses the stress distribution at the CT-B interface of a single wheel

on an all-granular trackbed. In addition to this, the distribution will be compared to the
traditional Talbot (1940) methodology. The stress distribution along the crosstie was
discussed previously. Since 47 kN was the highest and most similar loading in real traffic
conditions, the 47 kN curve was used as a reference. The percent of load distribution
corresponding to the highest value was reported as 3% for Cell 68, 22% for Cell 69, 51%
for Cell 70, and 24% for Cell 71. If the longitudinal pressure distribution and the pressure
distribution along the crosstie are analyzed together, a distribution map can be developed
longitudinally and laterally. Table 3.5 shows the load distribution over and along the
crosstie. This table has considered that the wheel loads are far enough not to overlap their
pressures with each other.
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Table 3.5 The load distribution along a crosstie.
Instrumented Crosstie
Cell
1
2
3
4
Cell 68
Cell 69
Cell 70
Cell 71

0.16% 0.79% 1.58%
1.13% 5.53% 11.06%
2.23% 10.92% 21.93%
1.11% 5.45% 10.90%

0.16%
1.13%
2.23%
1.11%

5
0.79%
5.53%
10.92%
5.45%

Recommended practice (AREMA 2018) states that the stress distribution along the
crosstie occurs on the outer two-thirds of the crosstie, and the center section does not
experience any loads. In theory, the load distribution is more likely a rectangular shape
(uniform). However, the findings of this research disagree with this recommended practice.
The load is distributed along the crosstie with maximum occurring under the rail as shown
in Table 3.5. The CT-B interface directly under the wheel loading has the highest
percentage (21.93%), and the pressures decrease through the center point of the crosstie.
The measured pressures resemble a bell curve, unlike the state of recommended practice
uniform distribution. Figure 3.11 illustrates the distribution of real-time loads on the halfcrosstie. Load and pressure distribution is assumed to be symmetrical on the other side of
the crosstie.
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Figure 3.11 The pressure distribution of measured pressure.
Figure 3.11 shows that the assumption the total load/pressure is distributed over
two-thirds of the crosstie is unconservative. Therefore, this paper recommends that the twothird coefficient of Equation 9 be changed. In addition, the crosstie is commonly analyzed
as a square footing in the railroad track design. However, loads are not distributed equally
along the crosstie. In total, less than half of the loads are distributed directly under the
wheel load. Therefore, the longitudinal and lateral load distribution should be analyzed as
combined.

3.9

BALLAST STRESS DISTRIBUTION
The ballast is a vital track element to transmit and distribute axle loads from the

crossties to the underlying subballast and subgrade at a minimized level (Selig and Waters
1994). Due to the cycled loads, ballast becomes degraded and fouled. This degradation and
fouling process occurs by the progressive accumulation of fines within the ballast voids
(Indraratna et al. 2011). More than 373,000 kilometers of railroad track must be
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periodically evaluated and continually maintained in the US. An accurate track assessment
is a must to minimize maintenance costs to adequately maintain the track system (Al-Qadi
et al. 2010). A better understanding of the pressure distribution through the ballast may
contribute positively to track design and accurate track assessment.
The traditional methods, such as the Talbot method (1940), led the railroad industry
for many years. Talbot (1940) developed an empirical formula to calculate the pressure at
the bottom of the ballast (Hay 1982). The equation is a function of unit pressure over the
outer two-thirds bearing area of the crosstie, the depth below that bearing surface, and the
crosstie pressure (American Railway Engineering Association, 1980).
According to the recommended design manual (AREMA 2018), the value is around
448 kPa for timber crossties, which is overestimated compared to the measured data. Since
the obtained pressures are minimal compared to the Talbot (1940) equation values, the
ballast pressures may be less than the recommended 138 kPa. More specifically, 138 kPa
is questionable as a recommended value. On the other hand, the minimum ballast thickness
can be rearranged to attain 138 kPa. According to Hay’s (1982) textbook, a minimum
desirable depth of ballast of 622 mm is indicated. However, almost no private railroad
company uses this desired depth of ballast. Instead, railroad companies commonly use
304.8 mm in their railroad designs. Therefore, the pressures at the bottom of the ballast
will be even greater than the recommended ballast pressure value.
The Talbot (1940) equation to determine ballast pressures analyzes the crosstie as
a square footing. However, the load/stress distribution along the crosstie is ununiform. This
is because the pressure distribution influence lines through the ballast may be
unrepresentative. This paper recommends either future research or the development of
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Finite Element models based on pressure distribution along the crosstie is desirable to
determine new influence lines.

3.10 CONCLUSIONS AND RECOMMENDATIONS
This section covers the conclusions and recommendations based on the comparisons
between traditional methods (e.g., Talbot 1940 and Ahlf 2011), the square wave theory
(Unluoglu et al. 2022), and the in-track data obtained from the FRA test train in Mascot,
TN, in 2018.
Firstly, quantifying stress distributions at the interface of the CT-B would be
considerably helpful for track design and analysis. GMPCs (also called earth pressures) are
an advanced and recommended way to measure the pressure in railroad track. For this
research, smooth wheels were confirmed in a WILD installation at Ebenezer, TN, before
conducting tests since wheel or track irregularities may cause high-impact pressure
indications on pressure cells.
Moreover, this paper does not support the thesis that the pressure at the CT-B interface
increases by speed. Instead, the measured data indicates that speed has a minimum effect
on the CT-B interfacial pressures. Specifically, pressures decrease slightly as the speed
increases.
This paper compares and analyzes the Talbot (1940), the Ahlf (2003), and the square
wave methodology (Unluoglu et al. 2022) pressure magnitudes with the in-track measured
pressures. It is noted that pressures based on the Talbot (1940) methodology are nearly
three times higher than the Ahlf (2003) methodology, measured data, and the square wave
(Unluoglu et al. 2022) pressures. The pressures at the CT-B interface are overestimated as
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using the Talbot (1940) methodology. Additionally, the Ahlf (2003) calculations also
indicate that the pressures at the bottom of the ballast are overestimated. Since subgrade
pressures (at the bottom of ballast) are a function of CT-B interfacial pressures, Ahlf (2003)
supports this paper’s proposition. This research recommends that AREMA reduce the
typical maximum permitted pressure values to more reasonable ones.
Subsequently, this paper confirms the state of practice for the longitudinal stress
distribution over the crosstie. The recommended design manual (AREMA 2018) states the
pressures are distributed over three crossties. The crosstie directly below the wheel
experience 40% of the wheel load, and each adjacent crosstie experiences 30%. This paper
states that the pressures are distributed over five crossties in static conditions. The crosstie
under the wheel supports nearly 45% of the load, while the two adjacent crossties are each
exposed to around 22.5%. The next two crossties are each exposed to 5%. However,
crosstie spacing may slightly change these distribution percentages.
Unlike the longitudinal stress distribution, there is little information about the stress
distribution along the crossties in the literature. Traditional methods (Talbot 1940) assume
that the load distribution along the crosstie is uniform, with the outer two-thirds of the
crosstie distributing the loads and the center of the crosstie experiencing no pressure.
However, this research shows that the load distribution along the crosstie is not uniform.
The area midway directly under the rail experiences nearly 22% of the loads. The end
portion of the crosstie experiences slightly less than 11% while the center of crosstie
experiences 1.5%. The area between the center of the crosstie and the area directly under
the rail experiences slightly over 11% of the load.
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This research indicates that the crosstie cannot be analyzed as a square footing because
the loading along the crosstie is not uniform. Lastly, this research recommends that the
longitudinal and lateral stress distributions be considered when evaluating trackbed
pressure distributions.
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4 SUMMARY AND CONCLUSIONS
The uncertainty of stress distribution through the railroad track has been always an
issue for the railroad industry. Since the ballast is one of the fundamental components of
the railroad track, a significant amount of maintenance expenses occurs in the ballast,
estimated at a half billion dollars annually for 150,000 km of Class I track. Therefore,
having a better idea of stress distribution may contribute to the track design, which will
lead to fewer maintenance requirements in the future.
The recommended practice (AREMA 2018) to determine the pressure in railroad track
is based on the works of Talbot (1940). Even though Talbot’s (1940) work is a pioneer in
railroad history, it is outdated for the modern railroad industry. It is no longer valid for
several reasons: the pressure measurement method, inconsistency of supporting conditions,
new track design methods (asphalt layer), improved rail (e.g., continuous welded rail),
crosstie material properties, significantly increased wheel loadings and traffic, and so on.
Therefore, the Talbot (1940) empirical equations are questionable in determining dynamic
pressures through the railroad track.
This paper represents an advanced method to measure the CT-B interfacial dynamic
pressures. The pressures were measured in Mascot, TN, by using FRA test trains. The
pressure cells were placed at the CT-B interface for a time interval to have the closest
pressures to the real traffic conditions. To prevent undesired impact loadings (which are
more likely a result of wheel irregularities), the test trains traversed a nearby WILD
installation at Ebenezer, TN. The WILD data confirmed that the wheels were smooth
enough to minimize impact loadings.
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A new method was developed based on the obtained data to predict static and dynamic
contact pressures at the CT-B interface. This method uses a square wave theory. The
amplitude of the square wave represents the average pressures, while the width stands for
the length of the bogie. Several equations were proposed to calculate the static/dynamic
pressures and affected wheel distances. An algorithm was written to predict pressure for
an unlimited number of trains when the basic information of the trains, such as the weight
of the train, wheel spacing, speed, number of axles, and coupler lengths, are given.
Additionally, this paper disagrees with the statement that the pressures at the CT-B
interface increase by speed. The train speed hardly contributes to the pressures; in other
words, the pressures slightly decrease while the speed increases.
This paper analyzed and compared the obtained data with the traditional methods such
as the Talbot (1940), the Ahlf (2003), and the square wave theory methodologies. In
summary, it is shown that the Talbot (1940) pressures are approximately 300% greater than
the Ahlf (2003), square wave, and measure pressures. Therefore, based on this information,
this paper deduces that the pressures at the CT-B interface have been overestimated since
the Talbot (1940) methodology. This deduction is supported by the Ahlf (2003) analysis
that the pressures at the bottom of the ballast are overestimated. Since subgrade pressures
are functions of CT-B interfacial pressures, the analysis of Ahlf (2003) supports this
paper’s proposition. This paper recommends that AREMA reduce the recommended
pressure values to more proper values.
Moreover, this paper confirms the recommended practice (AREMA 2018) for the
longitudinal stress distribution over the crosstie to a certain degree. The recommended
practice (2018) expresses that pressures are distributed over three crossties. The crosstie
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directly below the wheel is exposed to 40% of the wheel load, while adjacent crossties
experience 30% of the wheel load. This paper reports that the pressures are distributed over
five crossties for static conditions. The center crosstie is exposed to nearly 45% of the load,
the adjacent crossties experiences around 22.5% of the load, and the outer two crossties are
exposed to 5% each. However, the center-to-center crosstie spacing should be considered
since the longitudinal stress distribution is a function of the distance between crossties.
The literature has little information about the stress distribution along the crossties,
unlike the longitudinal stress distribution. The traditional method (Talbot 1940) assumes
that the load distribution along the crosstie is uniform, with the outer two-thirds of the
crosstie distributing the loads and the center of the crosstie experiencing no pressure.
However, this research reports that the load distribution along the crosstie varies. The area
directly above the rail (Cell 70) is exposed to around 22% of the load, with the highest
pressure as expected. The outer area of the crosstie (Cell 71) is exposed to slightly less than
11%. The center of the crosstie experiences 1.5% of the load (Cell 68), while the area (Cell
69) between the center of the crosstie and the area directly under the rail experiences
slightly over 11%. Cell 69 is closer to Cell 70 than Cell 71; it is expected that Cell 69 is
exposed to a greater load percentage than Cell 71.
In terms of ballast stress distribution, this paper disagrees with the method that the
crosstie is analyzed as a square footing. Since the loads along the crosstie vary, the crosstie
load/stress distribution is ununiform and cannot be analyzed as a square footing. This is
because the pressure distribution influence lines through the ballast may be
unrepresentative.
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This paper ultimately recommends future research, the development of FEM models
based on pressure distribution along the crosstie (which is desirable in determining new
influence lines), and that the longitudinal and lateral stress distributions be considered to
design better performing railroad tracks.
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APPENDICES
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APPENDIX A – GEOKON GRANULAR MATERIAL PRESSURE CELLS
(GMPCs)
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Information below in the following table can be found in the Instruction Manual Model
3500 Series Earth Pressure Cells listed in the reference section of this document.
Transducer Type

Semiconductor

Material

Stainless Steel

Cell Dimensions (H x D)

6 x 230 mm (0.25 x 9 in)

Transducer Dimensions (L x D)

150 x 32 mm (6 x 1.25 in)

Pressure Range

Vacuum to 400 bar (6,000 psi)

Fatigue Life

Designed for more than 100 million F.S.
cycles

Output

Milllivolt: 100 mV (10 mV/V
Voltage:0-5 VDC
Current: 4-20 mA (2 wire)

Standard Ranges

100, 250, 400, 600 kPa;
1, 2.5, 6 MPa;
145, 362, 870 psi

Over Range

1.5 x rated pressure

Accuracy

± 0.25 % F.S.

Thermal Effect on Zero

0.05 % F.S.

Linearity

0.5 % F.S.

Temperature Range

-20 °C to +80 °C (-4 °F to 176 °F)

Resolution

Infinite
Millivolt: 10 VDC regulated

Excitation Voltage

Voltage: 6.5 – 35 VDC
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Current: 24 VDC (7-35 VDC)
Excitation Frequency

N/A

Typical Pressure Transducer Calibration Report has been shown in the following figure.
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APPENDIX B – AHLF EXAMPLE CALCULATION STEPS WITH
ASSUMPTIONS AND INPUT PARAMETERS
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Calculations steps have been provided at 76.7 kN (17.25 kips) of wheel load. The
calculations have been done in Mathcad 7.0 Prime (PTC 2021).

81

82

83
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Calculations steps have been provided at 97.9 kN (22 kips) of wheel load.
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88

Calculation steps have been provided at 118.4 kN (26.625 kips) of wheel load.
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92

Calculation steps have been provided at 144.6 kN (32.5 kips) of wheel load.
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APPENDIX C – MATLAB BANDWIDTH FILTERING SCRIPT
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The same script was used by Watts and Rose (2018) in their research. The script was
written in MATLAB R2021b (The Math Works 2021).
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APPENDIX D – MATHCAD AFFACTED DISTANCE CALCULATIONS
EXAMPLE SHEET
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Calculations steps of affected distance have been provided in the following figures.
Mathcad 7.0 Prime (PTC 2021) has been used for the calculations.
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APPENDIX E – PYHTON 3.0 THE SQUARE WAVE THEORY ALGORITHM
SCRIPT
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The program algorithm has been provided in the following figures. The script has been
written in Python 3.0 (Python Software Foundation 2022).
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117

118
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APPENDIX F – EXCEL INPUT DESCRIPTIONS
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The table presents the symbols and description of the Excel Input Worksheet of the Square
Wave Algorithm.
DESCRIBTION

SYMBOL

DISTANCE FROM THE END TO FIRST WHEEL

DBEFW

DISTANCE FROM THE HEAD TO LAST WHEEL

DBHLW

BACK COUPLER LENGTH

LOBC

FRONT COUPLER LENGTH

LOFC

DISTANCE BETWEEN WHEEL #5 AND #6

DB56

DISTANCE BETWEEN WHEEL #4 AND #5

DB45

DISTANCE BETWEEN WHEEL #3 AND #4

DB34

DISTANCE BETWEEN WHEEL #2 AND #3

DB23

DISTANCE BETWEEN WHEEL #1 AND #2

DB12

NUMBER OF AXLES

NAX

VEHICLE SPEED

SPEED

VEHICLE WEIGHT

VEHICLE_WEIGHT

CAR ORDER

CAR_ORDER

CAR TYPE

CAR_TYPE
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